C 60 fullerene powder set into a stainless capsule was shock-compressed by using a powder gun. The capsule was compressed to 57 GPa by a W flyer with a velocity of 1.72 km/s. The recovered sample was investigated by scanning electron microscopy and Raman spectroscopy. We found the generation of fullerene-like carbon hollow spheres up to several mm in diameter on an internal hollow surface of the recovered sample. The spheres are significantly larger than fullerenes reported so far and are revealed to be in a highly graphitized state by Raman spectroscopy. Also we found exfoliation of the internal hollow surface at intervals. The formation mechanism of the carbon hollow spheres through a liquid phase is proposed.
Introduction
C 60 fullerene, 1) nanotubes 2) and carbon onions 3) generated by means of laser vaporization, arc-discharge, resistive heating, and electron irradiation etc. are promising carbon materials and their application is an important issue on nanotechnology. Shock compression, on the other hand, is a technique to instantaneously change carbon materials into a condition of high temperature and high pressure and utilized to explore new carbon materials. It has been reported that transformations to disordered carbon and an amorphous carbon occurred near 25 GPa and above 50 GPa respectively by shock compression from tapped C 60 powders, of which initial density is 75% of bulk crystal. 4) Residual heat after the shock compression is usually a serious problem to obtain the initial phase produced by the shock compression. To eliminate the heat effect, shock compression and rapid quenching (SCARQ) technique has been developed. [5] [6] [7] Nanocrystalline diamond ceramics and transparent amorphous diamond were fabricated from a C 60 thin film above 50 GPa by the SCARQ.
Nonetheless, the residual heat after the shock compression can be an interesting parameter to obtain new carbon materials. Recently, we have discovered the generation of spherical particles on the internal hollow surface of the shock-compressed C 60 thin film.
8) The particles have been strongly suggested to be highly graphitized hollow spheres. In the present study, we investigate the internal hollow area in more detail and discuss the mechanism on the formation of the spherical particles. Figure 1 shows a schematic view of assembly, recovery fixture and flyer for the shock compression. Starting material for the present study was C 60 fullerene powder with the purity of 99.9% from MER Co. The powder was set into a stainless capsule of 10 mm in diameter and 4 mm in thickness. The capsule was embedded in a steel recovery fixture and subjected to shock loading twice using a powder gun with a 20-mm diameter bore. The critical pressure to collapse C 60 fullerene molecules has been reported to be 20 GPa.
Experimental
9) The capsule was shock-compressed to 18 GPa at first by an impact of Cu flyer with a velocity of 0.92 km/s in order to increase its density. The density of the shocked C 60 powder was 97.5% of the crystal density.
4) The recovered capsule was again compressed to 57 GPa by a W flyer with a velocity of 1.72 km/s. Finally, we had a recovered specimen of 4 mm in thickness. The specimen was investigated by a scanning electron microscope (SEM) and Raman spectroscopy (SPEX Raman-500). , respectively. We find spherical particles, ranging 1-5 mm in diameter, on the hollow surface. In a previous work, we have reported existences of see-through particles, a spherical particle which partly collapsed like a Ping-Pong ball and several circular images like bowls, thereby suggesting that the particles are hollow spheres. 8) In Fig. 3 (a) we can find breaks of domed objects with a thin skin as denoted by arrows. They may be a relation to the spherical particles. On the other hand, the flat surface is seen to be rather rough compared to the hollow surface.
Results and Discussion
The two different surfaces of the flaked part, that is the hollow surface and the flat surface, were investigated by the micro-Raman spectroscopy using an Ar (488 nm) laser. A Â50 microscope objective was used to focus the laser with a spot approximately 2 mm in diameter and to collect the scattered light. Figure 4 shows Raman spectra for a spherical particle on the hollow surface (Fig. 4(a) ), the hollow surface (Fig. 4(b) ), and the flat surface (Fig. 4(c) ). Raman spectrum for the spherical particle is almost singlet at 1580 cm À1 (G peak), indicating that the particle is in a highly graphitized state while the hollow surface has a small disordered peak at 1360 cm À1 (D peak). The Raman spectrum for the flat surface, on the other hand, clearly consists of the G and the D peaks, which is characteristic for a disordered carbon.
The Raman spectra were deconvoluted into two Lorenzian peak by a least squares algorithm. The intensity ratio of the D peak to the G peak (IðDÞ=IðGÞ) for the spherical particle, the hollow surface and the flat surface are 0.014, 0.14 and 0.50 respectively. Knight and White have given an inverse linear relationship between the planer crystalline size (La) and the intensity ratio IðDÞ=IðGÞ.
10) The La for the spherical particle, the hollow surface and the flat surface are estimated to be 309, 31 and 8.8 nm respectively using the formula. It should be noted that the La for the spherical particle is near the order of its diameter, suggesting that the particles are in highly graphitized state. As the spherical particles have a large internal hollow space and are in highly graphitized state, we can consider that they are fullerene-like products.
It is an interesting issue to know how the fullerene-like hollow spheres up to several micrometers in diameter are formed. The formation of such a giant carbon hollow sphere has not reported so far as far as we know. Carbon onions composed of concentric graphite layers formed under electron irradiation are usually less than 100 nm in diameter and are considered to have a structure such like a type of C 60 @C 240 @C 540 @C 960 . . . 11, 12) The size of the hollows of the particles, on the other hand, are too large to be formed by the mechanism proposed for the formation of polyhedral graphitic particles from liquid-like droplet. 13, 14) To form such a unique structure of giant fullerene-like particle, a high Fig. 4 Raman spectra for the flaked part of the recovered sample: (a) a spherical particle ( Fig. 3(a) ); (b) the hollow surface ( Fig. 3(a) ; (c) the flat surface ( Fig. 3(b) ). Raman spectra for the spherical particle is almost singlet but clearly a doublet for the flat surface.
6 K. Niwase, T. Homae, M. Fujiwara, K. G. Nakamura and K. Kondo structural fluidity such as liquid phase may be necessary. The existence of liquid phase on the internal hollow surface is suggested by SEM images shown in Fig. 5 . We can find that exfoliation's of thin surface layer are occurring at parts indicated by arrows in addition to the formation of a large number of spherical particles. No spherical particles can be seen in the exfoliated area, but white dot contrast which may be embryos of the spherical particles are seen in the upper right hand side area of Fig. 5(c) . The appearance of exfoliation suggests the existence of liquid phase on the internal hollow surface, of which solidification should give some stress between the solidified thin surface layer and the bulk. The difference in the Raman spectra given in Fig. 4 also suggests the appearance of liquid phase on the internal hollow surface.
In Fig. 6 , we schematically draw a probable process of the formation of the fullerene-like hollow spheres. At first, the C 60 fullerene molecules transform to sp 3 -bonded carbon ( Fig.  6(a) ) as the shock state is estimated to reach to 57 GPa and 3000 K in the present experimental condition 15) and the shocked-state is in a diamond phase of the phase diagram. 16) If we quench the structure, we obtain the sp 3 -bonded carbon. However, the cooling speed in this case of shock-compression is rather slow, and then the sp 3 -bonded carbon structure transforms to a sp 2 -bonded carbon structure due to residual heat after the shock-pressure release. Liquid phase, on the other hand, is produced locally at grain boundaries of the C 60 fullerene substrate where the shock-temperature is considered to be higher than that of bulk because of its high compressibility and friction. 15) Internal hollow surface appears at the liquefied part and then liquid carbon bubbles are formed by some process such as a blowout of residual gas from the bulk or a boil of liquid carbon (Fig. 6(b) ). Under cooling process, the growth of graphite layers starts from the surface and then progresses toward the center, 17) giving highly graphitized hollow spheres (Fig. 6(c)) .
A following question remains on the above-mentioned process. What kind of carbon materials except for the C 60 fullerene can be the starting materials to generate the giant fullerene-like hollow spheres? For shock-compacted diamond powder, it has been reported that carbon spheres were observed at the fracture surface after an acid treatment, 18) though it is not clear whether the spheres are hollow or solid. Also, the formation of graphite spherule has been found for a shock compressed amorphous carbon black, although the spherule is solid as revealed by high resolution transmission electron microscopy. 17) Additionally, it is also not clear in the above-mentioned process that the transformation to the sp 3 -bonded carbon in the initial stage of the shock compression is necessary or not for the formation of the hollow spheres. One can mention a possibility of fragmented diamond powder 18) to be the seeds for the carbon hollow spheres. Further investigations on the starting materials and the shock loading condition are awaited to clarify the formation process of the giant fullerene-like hollow spheres.
Conclusion
A recovered sample of a shock-compressed C 60 fullerene powder up to 57 GPa was investigated by scanning electron microscopy and Raman spectroscopy. We found the generation of highly graphitized hollow spheres on the internal hollow surface of the recovered sample. Exfoliation of the internal hollow surface layer was observed at intervals, suggesting the existence of liquid phase after the shock compression. Raman spectroscopy has revealed that the Giant Fullerene-Like Hollow Spheres Generated from Shock-Compressed C 60 Fullerene by an Impact of Metal Flyer 7 internal hollow surface is in a highly graphitized state. The formation of highly graphitized hollow spheres is explained by liquid carbon bubble formation and consecutive graphitization process. Thus, the locally fluctuated region of carbon materials under shock-compression such as grain boundaries of the C 60 fullerene substrate has a possibility to be a promising site to form novel carbon materials.
